A digital negative phase shifter circuit is present to provide negative delays (phase shift) in order to avoid multi-locking hazards. It can adjust the negative phase by using multiplexers and voltage variable delay cells to select the required phase shift. The design is implemented by 0.35 £ m CMOS 1P4M technology. A single-shot locking method is adopted to reduce the locking time. Most important of all, the negative phase shift is predictable and adjustable. The simulation results show that the accuracy of the proposed design is better than 6%.
INTRODUCTION
DLLs (delay-locked loop) [1] are often adopted where frequency tracking is needed, e.g., clock recovery and frequency synthesis owing to a fact that the phase error of DLLs won't be accumulated in contrast of PLLs [6] . Many wide-range DLL designs were proposed. The analog DLLs are difficult to port across different technologies due to its intrinsic complexity [3] . The digital DLLs, by contrast, possess significant skew error and jitter [2] . The dualloop architecture which combines the previous two kinds of DLLs consumes excessive area and power [4] . The most important of all is that none of the prior DLLs was focused on resolving the multi-locking phenomenon which often occurs at the DLLs, and leads unwanted power consumption, long lock time, and, even worse, oscillation. The basic reason is that the internal clock signal of a chip, e.g., memory, is generally obtained by delaying an external clock signal for a predetermined period time. Thus, when accessing the data of the memory using the internal clock signal, the access time will then be increased. We propose a novel digital phase-adjustable negative phase shifter using ¤ This research was partially supported by National Science Council under grant NSC 92-2220-E-110-001 and NSC 92-2220-E-110-004.
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The contact author, ccwang@ee.nsysu.edu.tw ¦ Rong-Sui Kao is currently working as an IC design enginer in VIA Technologies, Taipei, Taiwan. a single-shot locking method to generate an internal clock signal more rapidly than the given external clock, which outperforms the prior DLLs regarding the elimination of multi-locking hazards and tolerate the input signal jitter. The phase of output can be adjusted to meet the usage of given applications.
A PHASE-ADJUSTABLE NEGATIVE PHASE SHIFTER
In order to provide an accurate internal clock with a negative delay (phase) [8] , a possible solution is to use a later pulse to trigger an earlier signal. Figure 1 shows the general architecture of the proposed design. § is the given external clock signal. Notably, the § is also the synchronous clock to trigger the DFFs, i.e., DFF DFF! . BUF , and BUF# consist a tap line where all of the BUF 's are identical. The size of the buffer is preferably tuned to make the period of § is a multiple times of the delay of the buffer. An enable signal, EN, is gated by a driving buffer to reset the DFFs [8] .
Generation of negative delays
As shown in Figure 1 . Such a configuration makes the pulse generated by the output of the NOR gate, NOR , of the $ of DFF and the $ of DFF % is fed to the IN pin of a control block, CON . The pulse generated by the NOR gate will be allowed to pass to the output, OUT, of the control block CON provided that the pin of CON , C, is applied with a high signal. The OUT of the control block connects to the enable pin, PASS, of the Tri BUF . Then, the signal at 
Single-shot locking
The fastest strategy to lock the external clock is to enable the solely locked pulse train while disable all of the rest pulse trains as soon as the locked pulse train is detected. Hence, the single-shot locking scheme is summarized as follows. 1). Every two adjacent DFFs are supposed to be triggered by two pulse trains which have a pre-defined delay therebetween. The complementary output of the first DFF is NORed with the output of the second DFF such that a narrow pulse will be generated.
2). The narrow pulse is sent to the corresponding control block where the pin C is the control signal to determine whether the narrow pulse is delivered to the PASS pin of a Tri BUF to enable it.
3). If C=0, then output of the control block is shorted to the input. Hence, the narrow pulse is propagated to the Tri BUF. That is, PASS = 1. At the same time, the C § © ¤ is pulled low, which is signaled to the next control block to disable the output function of the next control block by setting its C=1. All of the rest of the control blocks are disabled sequentially by the same manner. 4). If C=1, then at least one pulse train has been locked.
The control block is disabled which makes the output grounded, OUT = 0.
5). The output of the disabled control blocks is low, which in turn disables the following Tri BUF by PASS = OUT =0.
The outputs of every two Tri BUFs are NORed, and all of the outputs of these NOR gates are NANDed together. Hence, no matter which pulse train is locked, it will be faithfully propagated to the node, § ¢ ¤
. Since the proposed method is locked at the first appearance of a locked pulse train, the lock time is far less than that of any prior method, e.g., the min-max method [5] . regardless where the pulse is locked in the delay chain. The negative delay is estimated to be 
Estimation of the negative delays

Phase Adjustment
There are two circuit designs to adjust the required negative phase of § ¢ ¤ . 1). delay buffer: The delay of the buffer is adjusted using the technique of "voltage variable delay line" [7] , as shown in Figure 3 . The delay of the cell is tunable by change the voltage, Vctrl. When Vctrl goes up, the delay increases.
2). barrel shifter: It can select -6 to 0 buffer delays for
. Figure 4 is the comparison of the phase shift between estimation and simulation given a 600 MHz input clock.
SIMULATIONS AND CHIP TESTING
The proposed phase shifter is implemented by TSMC (Taiwan Semiconductor Manufacturing Company) 0.35 £ m 1P4M CMOS technology. Figure 5 shows the post-layout Figure 6 shows the die photo of the proposed design. The overall average power dissipation is 261.84 mW at 600 MHz. The specification of the propose negative phase shifter is tabulated in Table 1 
CONCLUSION
We present a novel phase-adjustable negative phase shifter. Such a phase shifter can be widely used in the memory interface to reduce the access time. Besides, the multi-locking syndrome of conventional DLLs is also prevented. The lock time is drastically small and the maximal locking frequency is 600 MHz. The simulation results turn out to be very appealing. 
